Background. Apart from their standard applications, haemofiltration (HF) and plasmafiltration (PF) may provide helpful therapy for sepsis, multiple organ-and acute liver-failure. Some colloids cause either decreases or increases in blood cell agglomeration. We hypothesized that solutions which reduce cell aggregability may lead to both improved filter clearance and better haemocompatibility due to decreasing rates of clogged hollow fibres. Methods. Heparinized porcine blood (5 IU/ml) was used in an in vitro circuit. The filter types tested were from GAMBRO: HF66D (effective membrane surface: 0.6 m 2 ) and PF1000N (effective membrane surface: 0.15 m 2 ). Albumin (ALB), hydroxyethyl starch (HES) 200/0.5, HES 130/0.4, gelatin (GEL) or normal saline (0.9%) were added to the blood (n ¼ 6/group). Recirculation systems were run for 2 h. Spontaneous haemolysis and filter resistance >420 mmHg were selected as indications of maximal flow rates. Sieving coefficients were determined for 17 parameters at the lowest and highest blood flows and filtration rate. Results. Based on the filter types used, supplementation of ALB and HES130/0.4 led to an improved filter clearance without increasing the number of clogged capillary membranes or causing impaired haemocompatibility. Sieving coefficients for most solutes were independent of volume substitute and flow rate. Haemocompatibility and filter clearance deteriorated after addition of HES200 or GEL to the blood.
Introduction
The development of high quality membranes for blood purification has provided good biocompatibility and created various sieving characteristics for haemofiltration (HF) and plasmafiltration (PF). Plasma-and haemofilters have been specifically engineered to offer filtration devices that allow low-to middle-range clearance rates. Nonetheless, they have been used without modifications for both high volume exchange [1, 2] and for recirculating extracorporeal detoxification systems [3] . Contact with artificial surfaces leads to the stimulation of cell adhesion and further activates the coagulation system, which are both associated with membrane clotting in the hollow fibres within the filters. Because of these findings, biocompatibility issues are thought to be the primary cause of blocked capillary membranes in HF-and PF-modules. As a consequence, interest in utilizing HF and PF for complex extracorporeal detoxification strategies has led to ongoing efforts to provide improved regimes for anticoagulation [4] [5] [6] . However, we have found that the simple aggregation of erythrocytes may provide an additional key factor for the development of blocked capillaries (membrane clogging). Once fibres are blocked, a vicious cycle is initiated through an increase in transmembrane pressure, deteriorated filter clearance and reduced haemocompatibility [7, 8] . Under in vitro conditions, a lowered albumin:globulin ratio was found to impair the performance of PF when compared to settings based on a normalized albumin:globulin ratio. To explain these findings, a lowered albumin:globulin ratio is associated with higher cell aggregability. Interestingly, we found that the filtration deterioration associated with the lowered albumin:globulin ratio could be reversed by two completely different experimental strategies: an increase in heparin dose and supplementation with albumin [7] . Because HF and PF are based on convective transport mechanisms, plasma volume inside the hollow fibres is reduced due to pressure gradient-driven filtration. The latter leads to a higher density of cell count per volume as well as to a higher plasma protein concentration in case of HF. Thus, the intrinsic tendency towards cell-and protein-agglomeration, which is triggered by individual patient blood-and plasma-composition [9, 10] , becomes of great importance. As a consequence, pathophysiologically changed blood composition in patients scheduled for treatment with an extracorporeal detoxification system may lead to deteriorated blood rheology associated with increased cell agglomeration inside the hollow fibres of the filters.
Thus, we examined whether protective effects caused by correction of the albumin:globulin ratio reproducibly results in reduced cell agglomeration. Since certain colloids have been described to improve blood rheology, we performed a prospective in vitro study to assess the impact of the most common colloidal solutions on overall filtration performance, including filter clearance and haemocompatibility.
Subjects and methods

Study protocol
Based on the principle of a prospective, randomized, controlled study design, we selected five volume substitutes that included normal saline (SAL) (NaCl 0.9%), albumin (ALB), gelatin (GEL) (gelatin polysuccinate, middle molecular weight of 30 kDa), and two types of hydroxyethyl starch preparations: middle molecular weight of 200 kDa with a degree of substitution of 0.5 HES200/0.5 (HES200) and a middle molecular weight of 130 kDa with a degree of substitution of 0.4, HES130/0.4 (HES130). Substances were chosen because of their different influences on blood rheology and their importance in intensive care medicine and volume resuscitation. Although use of these colloids is controversial because of varying adverse effects, such as risk of renal failure, bleeding, deterioration of pulmonary function, and allergic reactions, they are the most commonly used colloids in Europe. HES130 is a newer type of colloid and knowledge about its impact on coagulation patterns and renal function is still scarce.
Study groups
Five different experimental groups were set for plasmafiltration (PF group [1] [2] [3] [4] [5] The supplementation ratio of ml solution/ml blood was 1:20 (50 ml solution/ml blood). The percentage of ALB solution was 20% since this was required to adjust the low albumin:globulin ratio of 0.8 of porcine blood which is comparable to that of hypoalbumineuria in humans -to levels that were comparable to normal values in humans (1.2) [7, 8] . Concentrations of GEL (4%) and HES130 (6%) were at given values set by the manufacturers. For HES200, a 10% solution was chosen to provide both an intermediary concentration (ALB vs GEL and HES130) and to imitate situations during which dose limits are achieved in clinical application. 
Parameters investigated
Thresholds for determination of maximal flow rates
We had two different variations of highest possible flow rates: (i) highest flow rate that could be run under pressure control; and (ii) highest flow rate that could be performed without spontaneous haemolysis.
Materials and assays used for laboratory analysis
Laboratory analyses. Blood, plasma and filtrate samples were analysed using a blood counter (Celltek m; Bayer Vital GmbH & Co KG, Munic, Germany), and an ABL 510 and an EML 100 (Radiometer; Copenhagen and Denmark Vettest 8008, IDEXX GmbH, Wo¨rrstadt, Germany). Haemolysis was determined from the content of free plasma haemoglobin (fHb) (cyanide-reaction; Diagnostica Merck, 9405, Darmstadt, Germany; UV photometer Ultraspec II; Biochrom LKB, Cambridge, UK) [7, 8] . [7, 8] .
Blocked capillaries. At the end of experiments, filters were rinsed with 3 l of SAL and with a 3% buffered formaldehyde solution (pH 7.4) using a flow rate of 200 ml/min. Thereafter, filters were cut open, the overall fibre bundle was visually examined and percentage of blocked capillaries was estimated by two independent observations. Representative membranes were sampled for standard histological preparation and haematoxilineeosine staining was performed (Department of Pathologie, RWTH Aachen). Determinations between membrane clotting and membrane clogging were performed using light microscopy examinations.
Blood
Porcine blood. Porcine blood was collected at a slaughterhouse from healthy pigs using a standardized sterile collecting system primed with heparin to achieve anticoagulation with 5 IU/ml of blood. In accordance with the upper level of haematocrit (Hct) that may be found during the two different types of apheresis, an Hct of 40-45% was chosen for PF experiments and an Hct of 35-40% was set for HF experiments. Since in vitro systems based on whole blood require short protocols to avoid artifacts induced by deteriorating blood quality, high Hct levels were chosen to accelerate the vicious cycle of deterioration. The duration of the experiment from priming to final values was 2 h.
Apheresis
Extracorporeal in vitro circuit ( Figure 1) . A closed in vitro circuit was assembled [7, 8] using a clinically proven plasma filtration pump (AK10, Gambro Hechingen, Germany). Plasma-and haemofilters were PF1000N and HF66D from Ca. Gambro. Specifications of these filters are given in Table 1 . Standard bloodlines were used. Arterial and venous lines were connected to a 2 l blood reservoir that was stored in a heated water bath (37 C). The outflow of the filtration line was connected to the venous bubble trap allowing recirculation mode for both blood and filtrate. Using the commercially installed electronic-transducers of the apheresis device (AK10 Õ ), pressure values were continuously measured. The average pressure inside the filtrate compartment (Pf, filtration pressure) was measured with additional control-transducers (Transpac; Abbott GmbH, Wiesbaden, Germany) connected to a multichannel recorder outside the apheresis monitor (model S 66; Hewlett Packard, Bad Homburg, Germany). While following the manufacturer recommendations for the filter types, the experimental protocol started with 125 ml/min blood flow (Qb) and with 15 ml/min filtrate flow (Qf ) for PF. HF was started with a Qb/Qf of 75/15 ml/min. Pressures were documented every 20 min prior to blood-and filtrate sampling. Thereafter, flow rates were increased for another 20 min.
Priming of the system. The in vitro circuit was rinsed with 2 l of SAL. Addition of volume substitutes to the blood was performed. Exchange of the preload with SAL against supplemented blood was performed in single pass mode wasting effluent as long as it still contained rinsing solution. Thereafter, blood was pumped from the collecting bag via the filter into the in vitro system. The recirculation mode was initiated when the scheduled system volume of 2 l of blood was achieved.
Statistical analyses
Because normal distributions with n ¼ 6/group were not expected, we used nonparametric tests for further statistical analyses. Statistical comparison of the groups was performed using the Mann-Whitney U-test for unpaired samples. Analyses of haemocompatibility parameters to compare baseline values with values at the end of the experiment were performed using the Wilcoxon Rank Sum Test for paired samples. A probability value of P<0.05 was designated to indicate statistical significance. Analyses were performed using NCSS 2000.
Results
Comparison of initial blood composition
Statistical analyses of baseline values for Hct, leukocytes, thrombocytes, fibrinogen and ATIII revealed sporadic differences (Table 2) . HES130 groups had lower initial fibrinogen concentrations for HF experiments, while fibrinogen values tended to be highest in PF experiments. In PF experiments, the HES130 group had higher platelet counts than HES200, but the leukocyte count was still lower than in the SAL-PF group. Basic conditions for anticoagulation with heparin were similar due to comparable ATIII-levels.
Pressure values and maximal flow rates
In PF (Figure 2A and B), differences in TMP were mainly triggered by differences in Pf. Supplementation of HES130 enabled the highest Pf values (and thus net filtrate flux) accompanied by the lowest range. All other substitutes demonstrated a higher range in Pf values and a tendency for lower net filtrate flux that was lowest in the HES200-and SAL-groups.
In HF ( Figure 2C and D), supplementation of HES130 again led to high Pf values, indicating a high net filtrate flux, which was also reflected by significantly lower TMP values. In contrast, SAL-and ALB-supplementation led to lower rates of net filtrate flux resulting in highest TMP levels.
Membrane clogging and clotting
The PF groups HES130 and ALB both demonstrated a low number (18% mean) and range (5-30%) of blocked capillaries. These values were one-third lower than that found for GEL and SAL groups [GEL group: 30-90% (range) with a 67% mean; SAL-group: 40-80% (range) with a 50% mean]. When HES200 was added to the blood, the number of blocked capillaries at the end of the experiment increased to 80-95% (range) with an 88% mean. When examining both high filtrate flux and blocked capillaries, HES130 and ALB groups demonstrated the best performance.
During HF, the observed number of blocked capillaries led to more homogenous results. Filters operated with SAL-or ALB-supplemented blood showed about 50% of blocked hollow fibres. HES130-supplementation led to a rate of about 60%, while HES200-and GEL-supplementation led to further increases in blocked capillaries up to 70-75%. Thus, in HF higher net filtrate flux was accompanied by a higher percentage of blocked capillaries at the end of experiment and vice versa. The HES130-group performed best in terms of relation of filtrate flux and amount of blocked hollow fibres.
Analyses based on light microscopic investigations (Figure 3 ) revealed that the composition of cell aggregates differed depending on the type of volume substitute. In the case of SAL ( Figure 3A) and ALB ( Figure 3B ) supplementation, microscopic pictures were comparable. However, aggregates clogging the Significant difference from ALB, GEL, HES200 groups. Influence of colloids on performance of apheresishollow fibre during ALB supplementation contained a more homogenous distribution of residual plasma volume between the cells than during SAL supplementation. Capillaries obtained from PF operated during GEL supplementation ( Figure 3C ) demonstrated blood cell aggregates in which it was impossible to identify single cells. Packed blood cells and residual plasma proteins formed agglomerates. Furthermore, when compared to histology findings from the other study groups, an increase in white blood cell adhesion was found during GEL supplementation ( Figure 3D ). In the case of HES supplementation ( Figure 3E ), blood cell aggregates were again more comparable to the results obtained from natural substitutes (SAL, ALB). In HES130 group samples, coagulation was repeatedly associated with visually large, sharp cut molecules that were not found in histology samples from other study groups showing mixed clots ( Figure 3F ).
Haemocompatibility and coagulation features
Functional coagulation tests. The tests for functional coagulation, which included activated partial thromboplastin time and prothrombin time, did not show significant changes during the time course of the experiment in any of the groups. Fibrinogen concentrations were also stable, except for HF experiments with HES130 supplementation. In the HES130 HF group, fibrinogen concentrations increased [from 1.8±0.1 g/l to 2.1±0.1 g/l (mean±SD)]. This increase was above the theoretical value that was calculated for the method-associated side effect of plasma concentration, which is due to the removal of plasma water during filtrate sampling.
Haemolysis. With respect to haemocompatibility, supplementation of ALB enabled both filtration procedures (PF and HF) without significantly increasing fHb. This was in contrast to the results obtained with all the other PF and HF experiments, which were accompanied by significant haemolysis [increase of means for fHb: plasmafiltration HES200: 42 mg%, SAL: 10 mg%; GEL: 4 mg%, HES130: 2 mg%; haemofiltration SAL: 26 mg%; HES130: 15 mg%, HES200: 11 mg%, GEL: 10 mg%].
Leukocyte and platelet counts. We found conflicting leukocyte and platelet count results when comparing the two different types of filtration modes, PF and HF. During PF, HES130 supplementation led to a significant decrease in leukocyte counts. GEL supplementation led to a decrease in both leukocyte and platelet counts. Neither ALB nor SAL supplementation were accompanied by reductions in these two cell populations. During HF experiments, there were more effects on blood cell compatibility. The HES preparations and GEL caused decreases in either leukocyte or platelet counts. Experiments based on ALB and SAL supplementation demonstrated significant reductions in both leukocyte and platelet counts.
Sieving coefficients. The results for sieving coefficients are shown in Tables 3 and 4 . Although TMP values were lowest in the HES130-treated groups, PF with HES130 supplementation caused sieving coefficients to increase from lower to higher flow rates. In contrast, GEL-based experiments led to decreasing sieving coefficients accompanied by increasing flow rates and TMP values. The latter indicated a strong limitation in maximal filter clearance from the side of sieving characteristics when PF and GEL infusion are combined.
The net filtration of albumin during low and high flow rates was lowest (P<0.05) in the HES130 and ALB groups. Thus, a loss of albumin due to plasmapheresis would be lowest in these two groups even though total protein clearance was similar to the other groups. A significant increase in the sieving coefficient for total protein was found only at high TMP values, which occurred in the HES200-group.
Since these pressure values also led to spontaneous haemolysis, this 'improvement' in the sieving coefficient was not of clinical relevance. The results obtained between the groups for NH þ 4 ranged from 0.69 to 0.96, which may be of importance for maximal PF-filter clearance. Under these conditions, HES130 preformed best at high flow rates, whereas the GEL group significantly decreased to their lowest values at higher flow rates.
During HF, there were significant differences between the study groups mainly at low flow rates. For example, both HES groups showed lower sieving coefficients with respect to most solutes. At higher flow rates, the still very low TMP values in the HES130 HF group were accompanied by a significantly lower sieving coefficient for creatinine when compared with the other groups showing higher TMP values. Influence of colloids on performance of apheresisHowever, since the HES130 HF group provided the best relationship between TMP values and number of blocked capillaries, the clearance loss of $5-10% due to lower sieving coefficients would be counteracted by the option to run much higher flow rates ($2-fold).
In both the HF and PF settings, low sieving coefficients were mainly accompanied by low TMP values, whereas even the highest TMP values did not lead to a deteriorated sieving profile during the experimental duration of 2 h.
Discussion
A number of different systems designed for extracorporeal detoxification are currently under evaluation in clinical studies. However, although early results relating to application in acute-to-chronic liver failure may have been promising, there is not yet sufficient evidence to recommend its routine use [11] . To address the important issue of therapy using high clearance features in intensive care medicine, we proposed a different hypothesis to identify strategies for increasing filter clearance [7, 8] . One concept resulting from this hypothesis was to utilize the capacities of certain colloids to reduce blood cell and plasma protein agglomeration, which was assessed in the present study.
To obtain maximal filter clearance during PF and HF, flow rates and sieving coefficients are of relevance; however, flow rates are still a major problem for filter clearance of high quality membranes. Because haemocompatibility is related to TMP values, the most important criteria for beneficial effects from a volume substitute are low TMP values even during high flow rates and minimized haemolysis. Here we found that In contrast, GEL supplementation led to decreasing sieving coefficients that were already visible during 2 h of in vitro haemofiltration and to high numbers of blocked hollow fibres. These findings clearly indicate that this substance represents a strong limitation for filter clearance. Unfortunately, statistical analyses revealed sporadically slight differences in blood composition at baseline. However, even if significant, these differences were opposed by overall wide ranges in baseline values. Furthermore, these differences were inconsistent between the groups with respect to their impact on blood rheology. Thus, neither volume substitute was favoured. The ranking of ALB and HES130 as volume substitutes of first choice may be questioned from a clinical point of view. ALB was banned 2 years ago for use in volume management in intensive care medicine by certain clinicians since mortality rate was reportedly higher compared with other solutions [12] . However, recent studies reported that ALB does not increase mortality rate. Thus, cost : benefit ratio is the last remaining point of discussion [13] . HES preparations are thought to increase the risk of renal failure. For example, an important publication [14] indicated that HES200/0.62, a preparation not investigated in the present study, was an independent risk factor for renal failure. However, the mortality rate or days in intensive care were not higher in the HES200/0.62-treated group, and mechanical ventilation was found to be the main factor for increase in risk of renal failure. In addition, this study has been widely criticized due to limitations in setting and documentation [see published comments in 14, 15] . Interestingly, recent recommendations favouring GEL over HES or ALB preparations have lacked considerations of adverse effects arsing from GEL preparations (e.g., anaphylactic reactions, increased cell aggregability impairing rheology, coagulation compromising effects) [16] . Furthermore, there has been no evidence from clinical studies to support a ban on all HES preparations and ALB from treatment strategies in intensive care medicine independent of age and underlying diseases [13] [14] [15] [16] [17] . Finally, all of these preparations may be administered during surgery or haemorrhagic shock prior to the need of patients for extracorporeal treatment [17] . Thus, the complexity of this topic has led to inconsistent and rapidly changing viewpoints and 'state-of-the-art' knowledge of volume management remains in conflict. Because of this, there is still high demand for information obtained from standardized experimental studies.
However, interactions between a filtration device itself and the volume substitute used for basic treatment have not yet been investigated or even discussed in the clinical setting. In addition, the ranking of volume substitutes that takes into account the overall performance of two single results may be of special interest. Even when haemolysis was significant, supplementation with GEL caused suitable reductions in fHb increases to very low levels. This is in accordance with the findings of Su¨mpelmann et al. [18] who described GEL preparations that were protective against mechanical stress for erythrocytes during extracorporeal circulation. Nevertheless, in cases of PF and HF, this phenomenon was accompanied by an increased cell and plasma agglomeration, and decreasing sieving coefficients during PF which led to deterioration of the overall performance of the filtration procedure. To summarize, the protective effect of a GEL preparation on erythrocytes [15] may not apply to filtration procedures using hollow fibre membranes.
Interestingly, the HES130 HF group showed increasing fibrinogen concentrations from baseline to final values. In recirculating in vitro HF, systematic increases in high molecular weight plasma solutes are method based because removal of ultrafiltrate during filtrate sampling for analyses leads to a reduction in plasma water. However, in the HES130-HF group, fibrinogen concentrations exceeded the final values expected from a method-based procedure. Fibrinogen concentrations were measured using functional plasma coagulation by correlating coagulation time with fibrinogen concentrations. Because our system did not include fibrinogen synthesizing cells, genuine increases in fibrinogen concentrations were not possible. Thus, we assume an interaction between HES130 molecules and fibrin formation reduced the coagulation time, which in turn falsely indicated an increased fibrinogen concentration. This conclusion is in accordance with the microscopy findings that 'fibrin molecules' found in the HES130 PF group capillaries were of another size and shape than those found in other groups. However, our laboratory results are strongly supported by Strauss et al. [19] . They showed that HES may lead to a faster transformation of fibrinogen to fibrin. Thus, our observations may indicate a fibrinogen-saving effect of HES130. In general, differences found in our study between HES200 and HES130 are in accordance with a clinical study which demonstrated that HES130 had fewer adverse effects on coagulation during major orthopaedic surgery [20] . If our current results are confirmed in in vivo studies, our findings for HES200 preparations will likely contribute to the list of risk factors for this HES type, whereas results for HES130 may contribute to the list of 'pro'-aspects. Taken together, these findings justify a re-examination of research on ALB and HES130 as adjunct to anticoagulation in patients who are suffering from severe hypovolaemia and are at high risk for bleeding during extracorporeal detoxification.
Our results showing interactions between volume substitutes and coagulation are in accordance with various clinical studies. Nonetheless, the need to accelerate processes of deterioration during whole blood in vitro settings has led to differences in clinical outcomes (e.g., upper levels of Hct and protein that are seen under clinical circumstances and acceptance of high pressure levels). Thus, further efforts for a reliable extrapolation from in vitro results to the in vivo situation are necessary. In particular, there is a lack of studies that clearly distinguish between the impact of colloids on coagulation via influences on cell aggregation versus a direct molecular interaction with coagulation factors. This limits comparisons and discussion of current study results. Nevertheless, the effects on blood cell aggregability discussed in the present study may provide a new tool for low dose anticoagulation.
To summarize, it now appears of importance to intensify research on the use of different rheological features of colloidal volume substitutes to control the vicious cycle of blocked capillary membranes in hollow fibre modules for ultra-and plasma-filtration. Colloids may provide a means for intervention at the first level of initiation of the vicious cycle of blocked capillaries, increasing pressure profiles, membrane fouling, and activation of the coagulation system (Figure 4 ). The prevention of adverse side effects of extracorporeal detoxification by preventing haemostasis as a first level intervention would be of great advantage compared to the standard third level intervention routinely used via different anticoagulation regimes, which still lead to life threatening complications.
